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A bacteriophage infecting the secondary endosymbiont of the pea aphid Acyrthosiphon pisum was isolated and charac-
terized. The phage was tentatively named bacteriophage APSE-1, for bacteriophage 1 of the A. pisum secondary endosym-
biont. The APSE-1 phage particles morphologically resembled those of species of the Podoviridae. The complete nucleotide
sequence of the bacteriophage APSE-1 genome was elucidated, and its genomic organization was deduced. The genome
consists of a circularly permuted and terminally redundant double-stranded DNA molecule of 36524 bp. Fifty-four open
reading frames, putatively encoding proteins with molecular masses of more than 8 kDa, were distinguished. ORF24 was
identified as the gene coding for the major head protein by N-terminal amino acid sequencing of the protein. Comparison of
APSE-1 sequences with bacteriophage-derived sequences present in databases revealed the putative function of 24
products, including the lysis proteins, scaffolding protein, transfer proteins, and DNA polymerase. This is the first report of
a phage infecting an endosymbiont of an arthropod. © 1999 Academic PressKey Words: tailed phages; Podoviridae; aphids; genome sequence.
c
p
t
t
p
1
a
t
c
t
w
m
o
H
b
t
n
o
a
t
r
(
a
m
t
f
bINTRODUCTION
Although hundreds of viruses infecting bacteria have
een described and characterized, information on patho-
ens infecting prokaryotic endosymbionts is scarce. Ap-
roximately 50,000 insect species, including members of
rthoptera, Homoptera, Blattodea, Diptera, and Co-
eoptera, have endosymbiotic associations with microor-
anisms (Whitehead and Douglas, 1993). It is widely
elieved that the symbionts provide certain requisite
mino acids, vitamins, proteins, or other compounds
ecessary for the host’s normal development and repro-
uction.
All aphids, with the exception of the phyloxerines, have
n obligatory association with an intracellular pro-
aryote, known as the primary endosymbiont (Buchner,
965). The primary endosymbionts are gram-negative,
pherical bacteria located within specialized cells called
ycetocytes and cannot be cultured outside the aphid
Baumann et al., 1998). The mycetocytes aggregate into
n organ-like structure in the aphid body cavity referred
o as the mycetome (Buchner, 1965). The primary endo-
ymbionts have been placed in the genus Buchnera,
pecies B. aphidicola (Munson et al., 1991). Besides the
rimary endosymbionts, many aphid species harbor ad-
itional symbiotic bacteria, termed secondary endosym-
ionts. These are morphologically distinct from B. aphidi-
ola and appear to occur both intracellularly and inter-
1 To whom reprint requests should be addressed. Fax: 31-317-410113.
s-mail: F.vanderWilk@IPO.DLO.NL.
042-6822/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
104ellularly. As yet, most research has focused on the
rimary endosymbionts, and there is little information on
he genetics of the secondary endosymbiont or its role in
he aphid’s physiology. The pea aphid Acyrthosiphon
isum possesses both kinds of symbionts (Buchner,
965; Chen and Purcell, 1997). The rod-shaped second-
ry endosymbiont has been identified as a member of
he Enterobacteriaceae and is allied with Escherichia
oli (Unterman and Baumann, 1990). It has been reported
hat the secondary endosymbiont occurs in association
ith the sheath cells surrounding the mycetome (Unter-
an and Baumann, 1990), in mycetocytes (Hinde, 1971),
r in tissues external to the mycetocytes (McLean and
ouk, 1973).
The only bacterial symbionts reported to be infected
y bacteriophages are the Xenorhabdus spp. and Pho-
orhabdus spp. associated with the entomopathogenic
ematodes in the families Steinernematidae and Heter-
rhabditidae. However, in these cases, bacteriophages
ppear to function as bactericides to provide a nema-
ode–symbiont combination an advantage over other
elated bacteria or symbiont–nematode combinations
Boemare et al., 1992; Thaler et al., 1997), and it could be
rgued that these phages are symbiotic because they
ediate the dominance of one endosymbiotic species in
he nematode.
We identified and characterized a bacteriophage in-
ecting the secondary endosymbiont of A. pisum. The
acteriophage, given the designation APSE-1, resembles
pecies in the family Podoviridae and has a terminally
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105BACTERIOPHAGE INFECTING SECONDARY ENDOSYMBIONTSedundant and circularly permuted double-stranded DNA
olecule as a genome.
RESULTS
econdary endosymbionts of A. pisum
A tailed bacteriophage was detected in A. pisum
phids and tentatively named bacteriophage APSE-1 for
acteriophage 1 from A. pisum secondary endosymbiont.
he pea aphid A. pisum harbors two different bacterial
ndosymbiotes referred to as the primary and secondary
ndosymbionts. Although a great deal is known of the
rimary endosymbionts, the secondary endosymbionts
ave remained largely unnoticed. Previously, it was re-
orted that the secondary endosymbionts occur in the
heath cells (Untermann and Baumann, 1990), in myce-
ocytes (Hinde, 1971), or intercellularly throughout the
phid tissue (McLean and Houk, 1973). In electron mi-
roscopical studies, we observed that the secondary
ndosymbionts were present both intracellularly in the
heath cells surrounding the mycetome and intercellu-
arly between the fat tissue and epidermal tissue. How-
ver, in the mycetocytes, only primary endosymbionts
ere observed; no secondary endosymbionts were ob-
erved. The bacterial cells were approximately 0.5 3 1.5
m in size, which is identical to the sizes previously
eported by McLean and Houk (1973). Secondary endo-
ymbionts, mixed with primary endosymbionts, were
FIG. 1. Transovarial transmission of secondary and primary endos
ycetocyte; p, primary endosymbiont; s, secondary endosymbiont. Balso observed in the blastopore of developing embryos end in the blastocoele itself (Fig. 1), indicating that the
econdary endosymbiont is maternally inherited by
ransovarial transmission in a similar fashion as the
rimary endosymbiont (Hogenhout et al., 1996).
Phage-like particles were clearly distinguishable in
ells of secondary endosymbionts (Fig. 2A) and occa-
ionally external from the bacterial cells (Fig. 2B). In-
ected cells were observed both intracellularly in the
heath cells and intercellularly close to the epidermal
issue, although most of the infected cells were present
ntercellularly. Both the phage-like particles observed in
nd outside the bacterial cells were approximately 45–50
m in diameter.
solation and characterization of phage particles
The phage particles were readily isolated from “infect-
d” aphids, and the structure of the particles was ana-
yzed by electron microscopy. The purified particles ap-
eared to have isometric heads, with short tails and
enerally resembling species in the family Podoviridae
Fig. 3). However, it cannot be excluded that the particles
n vivo possess a longer tail and that this tail was par-
ially lost during the purification procedure. Noteworthy
n this respect is that several of the observed phage
eads were filled with the negative staining solution,
uggesting structural damage. Moreover, the heads of
he purified particles were approximately 55 nm in diam-
ts in 1-day-old nymphs of A. pisum. e, Embryo; c, conical cell; m,
(A) and 2 mm (B).ymbionter, which is significantly larger than the diameter of the
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106 VAN DER WILK ET AL.articles in aphid and endosymbiont-associated tissues
s determined in ultrathin sections.
Analysis of the phage structural proteins by SDS–
AGE of purified phage preparations revealed a major
and of approximately 46 kDa, which corresponds to the
ajor head protein (Fig. 4). In addition, two minor pro-
eins of approximately 76 and 90 kDa were detected.
Inoculation of “noninfected” A. pisum by injection in the
aemocoel or feeding with preparations of purified
hage did not result in infection of the aphid endosym-
ionts. Possibly, the purified phage was noninfectious
ue to damage to the particles caused by the conditions
sed in the purification procedure. Feeding of aphids on
aemolymph extracted from phage-infected aphids also
id not lead to infection of the symbiont. Conceivably, a
ifferent mechanism altogether is used for transmission
f the phage between endosymbionts contained in dif-
erent aphids.
he bacteriophage APSE-1 genome
Restriction analysis and agarose gel electrophoresis
f the purified genomic DNA indicated that the phage
ossesses a circular double-stranded DNA molecule as
genome (data not shown). Denaturing the phage DNA
y heating before gel electrophoresis did not alter the
lectrophoresis pattern, indicating that the observed cir-
ular nature of the phage DNA was not caused by base-
airing of complementary single-stranded (cos) over-
anging ends.
Electron microscopical examination of the APSE-1
FIG. 2. Electron micrographs of bacteriophage-infected secondary
ndosymbionts. Bar, 300 nm. (B) Lysing secondary endosymbiont. Barenomic DNA revealed that the genome was circularly Termuted and terminally redundant. When the phage
NA was heat-denatured followed by renaturation and
ounted on an aqueous medium, the typical condensed
ushes representing the terminally redundant single-
tranded DNA ends were readily observed (Fig. 5). The
bserved molecules were either linear or circular with
wo single-stranded tails. The distances measured be-
ween the single-stranded tails on different circular
enomic DNA molecules varied between 15% and 50%.
To elucidate the genomic organization of the bacterio-
hage, the complete sequence of its genomic DNA was
etermined. Each residue was identified at least once on
ach strand, and in case inconsistencies between the
eterminations of both strands of the same fragment
ere encountered, the region was sequenced again with
ifferent primers to sort out any possible sequence am-
iguities. The APSE-1 genomic DNA was shown to be
6524 bp in length with a dG 1 dC content of 43.9%.
ecause no abrupt stops or other irregularities caused
y discontinuation of the template were observed during
he sequence reactions, the sequence analysis confirms
he circular nature of the bacteriophage genome and
uggests that the ends of the DNA be distributed ran-
omly over the genome.
pen reading frames present on the genome of
acteriophage APSE-1
Fifty-four putative open reading frames (ORFs), encod-
ng proteins larger than 8 kDa, were identified on both
trands of the obtained nucleotide sequence (Table 1).
mbionts. (A) Presence of phage-like particles in cells of secondary
.endosyhe amino acid sequences of the deduced putative pro-
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107BACTERIOPHAGE INFECTING SECONDARY ENDOSYMBIONTSeins were used in searches for similarity with other
equences present in databases with use of the com-
uter programs Blast (Altschul et al., 1990), Fasta, and
litz. Significant similarities with other bacteriophage-
erived sequences were found with 24 of the putative
PSE-1 products (Table 1). The highest degree of simi-
arity (91%) was observed between the ORF38 product
nd the integrase of Shigella flexneri bacteriophage V
Huan et al., 1997). However, in most of the cases, sim-
larities were markedly lower and limited to specific
locks in the sequences. Bacteriophages encoding pro-
eins that display sequence similarities with APSE-1 pro-
eins are members of either Podoviridae or Siphoviridae
Table 1).
The APSE-1 genome appears to have a modular orga-
ization, with genes whose products act together or have
imilar functions grouped (Fig. 6). The products of the
RFs located in the region between position 33000 and
do not share significant similarities with other phage
roteins (Fig. 6, Table 1). However, in other lambdoid
hages, genes at this position on the genome encode
roteins involved in control over lysogeny and the lytic
ycle. In view of the lambdoid gene arrangement of
FIG. 3. Electron micrograph of bacteriophage APSE-1 purified from ap
egatively stained with 2% uranyl acetate. Bar, 50 nm.PSE-1, it seems likely that the APSE-1 genes in this pegion fulfill a similar function. Similar to other lambdoid
hages, the genome can be divided into two sections. At
he left of position 60.8 kb, most of the ORFs are tran-
cribed counterclockwise, whereas the ORFs at the right
re transcribed clockwise. Both sections meet again in
he region between 23 and 24 kb. Most likely bacterio-
hage promoter sequences and the origin of replication
ori) are located in the region around 0.8 kb. However, a
earch for sequences similar to the ori of lambdoid
hages (Grosschedl and Hobom, 1979) did not lead to
dentification of the ori of APSE-1.
Five tandemly arranged perfect repeats of 32 nucleo-
ides were identified on the phage genome between
ositions 32410 and 32590. The function of this highly
epetitious region remains to be elucidated.
The bacteriophage APSE-1 products showed the high-
st overall sequence similarity with the products of the
odovirus P22. The genes of bacteriophage APSE-1 and
acteriophage P22 (Poteete, 1988) appeared to be ar-
anged at more or less similar positions on the respec-
ive genomes. To further elucidate the function of the
utative APSE-1 products, the computer program Motifs
as used to search for conserved sequence patterns. A
rboring infected secondary endosymbionts. The phage particles werehids hautative ATP/GTP-binding site motif A (P-loop) was
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108 VAN DER WILK ET AL.resent in the products of ORF3, ORF36, and ORF41. The
RF36 product showed significant sequence similarity
ith the tail spike protein of bacteriophage P22, and the
equence of the ORF3 product shares similarity with a
rotein required for replication of bacteriophage SPP1.
he ORF7, ORF8, ORF16, ORF34, and ORF48 products
ontain a prokaryotic membrane lipoprotein lipid attach-
ent site. The ORF47 and ORF48 are located within the
ighly repetitious region of the phage genome, and con-
equently, both putative products contain five tandemly
rranged amino acid sequence repeats. The ORF7 prod-
ct shows low sequence similarity with the shiga-like
oxin B subunit of several bacteriophages. Other motifs
ecognized in the putative phage products were a protein
plicing signature in the ORF45 product (putative DNA
olymerase) and a C-type lectin domain signature and
rofile in the ORF54 product.
To enable identification of the gene encoding the ma-
or head protein, the protein was isolated from a gel and
ubjected to N-terminal microsequencing. The following
equence of 25 amino acids was unambiguously estab-
ished: ANNLESNISQ IVLKKFLPGF MSDIV. Comparison
f this sequence with the putative APSE-1 translation
roducts showed that it was identical to the N-terminal
mino acid sequence of the ORF24 product. The coding
apacity of this ORF is 46103 Da, which corresponds well
ith an estimated molecular mass of 46 kDa for the
ajor head protein. Weak similarities were observed
etween the APSE-1 major head protein sequence and
equences of the major head proteins of bacteriophage
22 and Lactococcus delbrueckii bacteriophage MV1
Boizet et al., 1990).
FIG. 4. Analysis of bacteriophage APSE-1 structural proteins by
DS–PAGE. The gel was stained with Coomassie Brilliant Blue. Lane 1,
rotein molecular weight markers. Lane 2, approximately 1 mg ofpurified bacteriophage APSE-1.DISCUSSION
A tailed bacteriophage (APSE-1) infecting the second-
ry endosymbionts of A. pisum has been isolated and
haracterized. To our knowledge, this is the first time that
bacteriophage infecting an endosymbiont of an insect
as been described. Based on its morphological appear-
nce and similarities in genome organization, it is pro-
osed that the bacteriophage APSE-1 is classified as a
pecies in the family Podoviridae.
The genome of the phage is circularly permuted and
erminally redundant. Sequence analysis and electron
icroscopic analysis of the phage genome indicated
hat most likely the permutations are randomly distrib-
ted over the genome. This implies that the genome is
ackaged into the phage heads by the headful packag-
ng system from concatameric phage DNA. A similar
rganization of the genomic DNA has been described
mong others for bacteriophage T4 and bacteriophage
af23 (Willi and Meyer, 1998). Bacteriophage T4 differs
trongly in all aspects from the lambdoid phages. How-
ver, the temperate bacteriophage Aaf23 appears to be
ambdoid with a genome size of 44 kb, an isometric head
f about 60 nm, and a contractile tail of 115 nm. Possibly,
oth phages use the same replication and packaging
trategy.
The size of the APSE-1 genome of 36524 bp and the
umber (54) of ORFs present on the genome correspond
ell with the reported sizes and coding capacities of the
FIG. 5. Electron micrograph of a circular homoduplex molecule
reated by denaturation and reannealing of bacteriophage APSE-1
NA. Arrows, single-stranded tails. Bar, 300 nm.odoviral and siphoviral genomes (Ackermann and
109BACTERIOPHAGE INFECTING SECONDARY ENDOSYMBIONTSTABLE 1
Open Reading Frames Predicted from the Bacteriophage APSE-1 DNA Sequence Encoding Products Larger Than 8 kDa
ORF Start Stop
Amino
acids kDa
Gene productsa of bacteriophages showing amino acid sequence
similarities with APSE-1 ORF products
1 783 1 260 29.7 C1 protein (repressor), bacteriophage H-19B (Q37962)
2 795 1079 94 10.6 Cro protein (early control), phage 434 (P03036)
3 1083 3341 752 86 Products required for replication, bacteriophage SPP1 (E244865;
E244747)
4 3445 3666 73 9
5 3793 4239 148 16.9 Q-protein (late control), bacteriophage H-19B (G2668768)
6 4265 4032 77 8.6
7 4487 4795 102 11.3 Shiga-like toxin B subunit, bacteriophage H-19B (G2668770)
8 5094 5357 87 9.8
9 5398 6498 366 41.4 Cell wall hydrolase ply 187, Staphyloccus phage 187 (E286568)
10 6681 7037 118 13.3
11 7081 7365 94 10.6 Lysis protein gp13, bacteriophage P22 (P09962)
12 7486 7148 112 12.8
13 7376 7816 146 16.3 Lysis protein gp19, bacteriophage P22 (P09963)
14 7920 8309 129 14.2
15 8339 8034 101 10.7
16 8128 8457 109 12.4
17 8531 8947 138 15.1
18 8964 10373 469 53.4 Terminase, bacteriophage SSP1 (E244468)
19 10373 12535 721 81.1 Portal protein gp1, bacteriophage P22 (P26744)
20 11001 10705 98 10.4
21 11108 10800 102 11.8
22 11284 11009 91 10.5
23 12586 13482 298 34 Scaffolding protein gp8, bacteriophage P22 (P26748)
24 13493 14764 423 46.1 APSE major head protein
25 14734 14429 101 12
26 15096 14767 109 12.5
27 14984 15466 160 17.5 Packaged DNA stabilization protein gp4, bacteriophage P22 (P26746)
28 15420 16853 477 54.3 Packaged DNA stabilization protein gp 10, bacteriophage P22
(P26749)
29 16014 15724 96 11.6 YorB, bacteriophage SPBC2 (AF020713)
30 16853 17209 118 13 Packaged DNA stabilization protein gp26, bacteriophage P22
(P35837)
31 17209 17676 155 18.2 gp14, bacteriophage P22 (Q01075)
32 17654 18283 209 20.8 Transfer protein gp7, bacteriophage P22 (Q010704)
33 18296 19684 462 50.5 Transfer protein gp 20, bacteriophage P22 (Q01076)
34 19452 19117 111 12.1
35 19684 21561 625 66.9 Transfer-protein gp16, bacteriophage P22 (Q01146)
36 21590 22609 339 37.7 Tail spike protein gp9, bacteriophage P22 (P12528)
37 22588 23055 155 17.7 Tail fiber assembly protein, bacteriophage P2 (P26699)
38 24665 23493 390 45.2 Integrase, Shigella flexneri bacteriophage V (O22009)
39 24007 24258 83 8.8
40 24901 24521 126 14.5 Excisionase, Shigella flexneri bacteriophage V (O22010)
41 26413 25031 460 51.9
42 27179 26433 248 28.7 DNA binding protein (ROI), bacteriophage H-19B (G2668765)
43 28014 27244 256 30.1 gp30, bacteriophage N15 (O64341)
44 28592 28311 93 10.4
45 31808 28827 993 111.8 DNA polymerase, bacteriophage SPO2 (P06225)
46 29554 29132 140 16.1
47 32243 32815 190 20.9
48 32589 32248 113 11.5 L-Shaped tail fibre protein, bacteriophage T5 (E1237676)
49 33107 32835 90 10.5
50 33730 33176 184 20.4
51 35065 33746 439 48.7
52 34182 34484 100 10.8
53 35960 35037 307 33.3
54 35487 35756 89 11.1a Accession numbers are indicated within parentheses.
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110 VAN DER WILK ET AL.ubow, 1995). The APSE-1 genome appears to be mod-
lar, with genes involved in similar steps or phases in the
hage life cycle grouped together. Its organization is
ambdoid, with the genome divided into two regions. The
enes in the right hand section are oriented clockwise,
ncoding mainly the structural proteins, whereas the
enes in the left section are transcribed counterclock-
ise and encode proteins associated with the replica-
ion strategy. For the lambdoid phages (like phage l and
acteriophage P22), the initiation of DNA replication
akes place on the formation of a nucleoprotein complex
by l-O, P22-GP18, and SPP1-G38P) at a specific site of
he DNA (ori) and replication of the DNA proceeds bidi-
ectionally from this site. The l and P22 ori sequences
re located within the genes encoding the l O protein
nd the P22 GP18. The products of the APSE-1 ORF1 and
RF2 show similarity with the c1 protein and cro protein
f the lambdoid phages HB19 and 434. Because the
rganization of the APSE-1 genes in this region appears
o resemble that of the lambdoid phages, the APSE-1 ori
s most likely located in this region at approximately 0.8
b, which also is at the junction between the left and
ight sections on the genome. However, a search for
equences similar to or consisting of features character-
stic of the origin of replication of lambdoid phages
Grosschedl and Hobom, 1979; Tsurimoto and Matsu-
ara, 1984) did not identify the APSE-1 replication origin.
ossibly, the APSE-1 origin of replication differs signifi-
antly from the ori of other lambdoid phages. The APSE-1
enome is relatively AT rich, and a search for tandem
epeats of AT-rich sequences, present in sequences of
FIG. 6. Schematic representation of the bacteriophage APSE-1 geno
kDa. CP, major head protein.rokaryotic replication origins as compiled by Bramhill and Kornberg (1988), resulted in the identification of
umerous repeats. However, most of these sequences
ere repeated only once and were restricted in length (6
p), and no obvious ori sequences could be distin-
uished.
Computer-aided searches revealed that most of the pu-
ative APSE-1 products shared only limited or weak se-
uence similarities with proteins present in computer da-
abases, with the exception of several structural proteins or
roteins involved in head and tail synthesis. These APSE-1
roteins showed considerable sequence similarities with
he reciprocal bacteriophage P22 proteins.
Experiments aimed at infecting healthy endosymbi-
nts harbored by another biotype of A. pisum failed, by
oth feeding and injection of purified phage suspen-
ions. Several explanations can be imagined: either the
urified phage preparations were noninfectious due to
tructural damage, the phage uses a transmission strat-
gy markedly different from the tested strategies, or,
ossibly, various A. pisum biotypes harbor different sec-
ndary endosymbionts. The latter is rather unlikely be-
ause identical secondary endosymbionts were de-
ected in 50 of 57 clones of pea aphid collected from
eparated locations in California (Chen and Purcell,
997). Moreover, the aphid clones not harboring second-
ry endosymbionts were easily infected with secondary
ndosymbionts by injection, indicating that the endosym-
iont is able to establish itself in all pea aphid biotypes.
xamination under the electron microscope of the puri-
ied APSE-1 suspensions revealed that the heads of
any particles became invaded with staining solution
arrows represent the deduced ORFs encoding proteins of more thanme. Thend that the diameter of the purified particles was sig-
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111BACTERIOPHAGE INFECTING SECONDARY ENDOSYMBIONTSificantly larger than that of particles observed in ultra-
hin sections, suggesting that the observed loss of infec-
ivity may have been due to structural damage of the
articles. The effect of phage infection of the secondary
ndosymbionts on the aphid remains to be determined;
owever, it has been described that aphids lacking en-
osymbionts are retarded in growth, are sterile, and have
reduced longevity (Sasaki et al., 1991), indicating that
nfection of the endosymbionts must have a considerable
ffect on the physiology of the aphid.
MATERIALS AND METHODS
solation of phage particles
A “phage-infected” clone of A. pisum was maintained
n V. faba in a climate chamber at 18°C with a photope-
iod of 16 h/day. Phage particles were isolated from the
phids essentially according to a procedure used for the
solation of bacteriophage l (Yamamoto et al., 1970). Five
rams of aphids were homogenized in 50 ml of SM buffer
50 mM Tris–HCl, pH 7.5, 0.1 M NaCl, 10 mM
gSO4 z 7H2O, and 1% (w/v) gelatin] containing 1 mg/ml
Nase and incubated for 30 min at room temperature.
aCl was added to a final concentration of 1 M and
ncubated for 1 h on ice. The suspension was centrifuged
t 11,000 g for 10 min at 4°C to remove the debris. Solid
EG 6000 was added to the supernatant to a final con-
entration of 10% and dissolved by gentle stirring at room
emperature. The suspension was cooled on ice for 1 h,
ollowed by centrifugation at 11,000 g for 10 min at 4°C.
he pellet was resuspended in 8 ml of SM buffer, mixed
ith an equal volume of chloroform, and centrifuged at
000 g for 15 min at 4°C. CsCl was added to the aqueous
hase to a final density of 1.15 g/ml, and the suspension
as sedimented through a discontinuous CsCl step gra-
ient consisting of three layers of 1.7, 1.5, and 1.45 g/ml
sCl. The gradients were centrifuged at 50,000 g for 2 h
t 4°C, and the band visible at the interface between the
.45 and 1.5 g/ml CsCl layers was collected. Subse-
uently, the band was transferred to a new tube, filled
ith a CsCl solution in SM at a density of 1.5 g/ml, and
ubjected to equilibrium gradient centrifugation at
48,000 g for 16 h at 4°C. The band containing the phage
articles was collected.
ntiserum production
For antiserum production, a rabbit was immunized by
njecting subcutaneously 100 mg of phage emulsified
ith 1 ml of Freund’s incomplete adjuvant. Two weeks
ater, this was followed by a second subcutaneous in-
ection with 200 mg of phage suspension. Two weeks
fter the last injection, blood was collected. The IgG
raction was precipitated with 45% saturated ammonium
ulfate. The pellet was resuspended in 0.53 PBS (2 mM
H2PO4, 8 mM Na2PO4, 0.14 M NaCl, and 2 mM KCl, pH
.4) and extensively dialyzed against 0.53 PBS. pnoculation experiments
To determine whether it was possible to infect healthy
econdary endosymbionts, phage-free A. pisum nymphs
ere inoculated with mixtures of purified APSE-1 or ho-
ogenates of APSE1 containing aphids in an artificial
iet (Ackey and Beck, 1972). The homogenates were
repared by grinding three to five adult aphids per 200 ml
f artificial diet followed by centrifugation to remove the
ebris. The supernatant was sandwiched between two
arafilm membranes and offered to 1-day-old nymphs for
n acquisition access period of 24 h at 20°C. Nymphs
ere then transferred to V. faba plants and kept at 20°C.
hage and mock-infected nymphs were evaluated by
LISA and PCR for the presence of APSE-1 antigen or
enomic DNA. Microinjection experiments were carried
ut to determine whether it was possible to transmit the
urified phage. To this end, 5-day-old A. pisum nymphs
ere injected with 70 nl of freshly purified phage (200
g/ml) using calibrated glass capillaries (Gabay Instru-
ents, Geneva, Switzerland). The microinjected aphids
ere transferred to plants, and infection of the endosym-
ionts was followed by ELISA and PCR.
rotein sequencing
Purified bacteriophage particles were denatured in
aemmli’s buffer for 10 min at 37°C, and the structural
roteins were separated by SDS–PAGE (Laemmli, 1970).
fter electrophoresis, the proteins were electrotrans-
erred onto polyvinylidene difluoride membranes in 10
M CAPS, pH 11, containing 10% methanol (Matsudaira,
987). Protein bands were visualized by staining with
oomassie Brilliant Blue. The major band present on the
lot, representing a protein of approximately 46 kDa, was
xcised and subjected to N-terminal amino acid se-
uencing by automated Edman degradation (ProSeq
nc., Boxford, MA).
solation of genomic phage DNA
DNA was isolated from purified phage suspensions
sing the Qiagen lambda kit (Qiagen, Hilden, Germany)
ssentially according the manufacturer’s instructions.
he phage particles were disrupted by treatment with 2%
DS at 70°C during 10 min. Then 0.5 vol of 3 M KAc, pH
.5, was added, followed by centrifugation for 30 min at
5,000 g to precipitate the potassium dodecyl sulfate
omplex. The DNA was isolated from the supernatant by
inding to silica gel in a column. After elution from the
olumn, the DNA was precipitated with isopropanol,
ashed with 70% ethanol, and after drying, resuspended
n TE buffer (10 mM Tris–HCl and 1 mM EDTA, pH 8).
el electrophoresis
To determine the molecular weight of the bacterio-
hage genomic DNA, both preparations of untreated
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112 VAN DER WILK ET AL.hage DNA and DNA preparations digested with the
estriction endonucleases BamHI, PstI, or HpaI were
eated to 65°C for 30 min, immediately cooled down on
ce, and loaded onto a 0.5% agarose gel. Subsequently,
lectrophoresis was carried out for 24 h at 4°C using
AE buffer (0.04 M Tris-acetate and 1 mM EDTA). After
lectrophoresis, the gel was stained with ethidium bro-
ide and examined under UV light.
equence determination
Sequence analysis was performed with an Applied
iosystems model 373 automated sequencer, using a
equencing kit with AmpliTaq DNA polymerase (Applied
iosystems), and universal and bacteriophage APSE-1
equence-specific primers. Purified phage DNA was di-
ested with either PstI or HpaI, and the resulting frag-
ents were ligated into either PstI- or SmaI-linearized
UC19 (Sambrook et al., 1989). The recombinant clones
ere subjected to sequence analysis, and on the basis
f the sequence information obtained, specific primers
ere designed. Further sequence analysis was carried
ut using the purified bacteriophage DNA directly as
emplate. The entire sequence was determined by se-
uencing both strands of the bacteriophage DNA. The
ucleotide sequence reported here appears in the
MBL, GenBank, and DDBJ nucleotide sequence data-
ases under accession No. AF157835.
omputer analysis
The nucleotide and protein sequences were compiled,
nalyzed, and compared using the Wisconsin Package
oftware (Version 9, Genetics Computer Group, Madison,
I) and the Blast suite (Altschul et al., 1990).
lectron microscopical analysis
For ultrastructural studies of infected endosymbionts,
. pisum nymphs were fixed in 0.1 M sodium cacodylate
uffer, pH 7.4, containing 2% paraformaldehyde, 3% glu-
araldehyde, and 6.8 mM CaCl2 for 16 h, followed by
ixation in 1% OsO4 for 4 h. After dehydration, the material
as embedded in LR White resin (London Resin Com-
any, Hampshire, UK).
The sections were stained with a 2% uranyl acetate
olution and examined with the use of a Philips CM12
lectron microscope. A. pisum nymphs harboring nonin-
ected endosymbionts were used as a control.
reparation of nucleic acid for electron microscopy
Visualization of the genomic bacteriophage DNA in the
lectron microscope was carried out as described pre-
iously with some modifications (Kleinschmidt and Zahn,
959; Ferguson and Davis, 1978; Lee et al., 1970). Purified
PSE-1 particles were lysed by incubation in 0.1 M
aOH and 20 mM EDTA for 10 min at room temperature. Lfter neutralization of the lysed phage suspension with
.2 M Tris–HCl, pH 7, the genomic DNA was denatured
y heating for 20 min at 80°C and subsequently rena-
ured by slow cooling to room temperature. The DNA
as mixed with cytochrome c (final concentration, 0.05
g/ml) and spread via a glass ramp onto a surface of
.25 M NH4Ac, pH 7.5. The spread nucleic acid–protein
omplex was adsorbed to a carbon-coated Formvar-
ounted grid. To enhance the contrast, the grids were
tained with 50 mM uranyl acetate and subsequently
ubjected to rotary low-angle shadowing using a plati-
um/iridium (80:20) wire. The grids were examined with
Philips CM12 electron microscope at 40 kV.
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